INTRODUCTION
There is evidence from electrophysiological and anatomical studies that the projection of the olfactory epithelium onto the olfactory bulb is organized in an orderly manner, so that topographic relations, at least between broad regions of the epithelium, are maintained in the bulb (3) (4) (5) (6) 9, (28) (29) (30) . Why should this be so? One possibility is that information about odorant quality is contained in a "spatial" code. Odorants may excite characteristic regions of the epithelium and so send topographically unique patterns of signals to the olfactory bulbs. There is some evidence for this: I) odorants elicit different electrophysiological patterns detectable at the bulbar surface (1, 34, 51) , 2) odorants induce specific patterns of uptake of 2-deoxyglucose in the glomerular layer of the bulbs (21, 47, 49) , and 3) continuous exposure to an odorant during development elicits a characteristic pattern of shrinkage of mitral cells in the olfactory bulbs (41). This leads to altered sensitivity to novel odorants (27) .
There are two hypotheses of the way by which odorants could excite different parts of the olfactory epithelium (1) . First, olfac-tory receptors with similar responses may be grouped in similar regions of the epithelium ("inherent" patterning, Ref. 35) . Second, odorants may be dispersed differently after inspiration by physical factors imposed by the morphology of the nasal cavity, by the pattern of airflow during sniffing, and by differential adsorption of the odorants as they pass over the nasal mucus ("imposed" patterning, Ref. 35) . Either of these processes could result in a topographic code of odorant quality, and there is some evidence for each (19, 35) .
Among the reports of regional differences in receptor responses, inherent responsivity is often compounded with factors arising from imposed patterning due to the nature of the stimulus conditions used (7, 8, 38, 52) . Recently Kubie and Moulton (26) eliminated the influence of imposed patterning by delivering punctate odorant stimuli directly at the recording sites. They recorded from two widely separated points on the salamander olfactory epithelium and demonstrated regional differences in responsivity to 24 odorants, classifying each as an anterior, posterior, or general stimulator, depending on which region exhibited the larger response to the odorant.
The major questions arising from these studies concern the resolving power of this system. Will a more detailed mapping of responses allow us to classify odorants into more than three classes? Is there a pattern of responses unique for each odorant? The present experiments are directed at these questions.
METHODS

Animals
Forty-two land-phase salamanders (Ambystoma tigrinum) of both sexes were obtained from Amphibians of North America (Nashville, TN) and kept at 1 O-l 5OC. For each experiment an animal was anesthetized in an ice bath, then doubly pithed and covered with moist paper toweling.
Physiological recordings
The response of the epithelium was measured by recording the slow transepithelial voltage transient known as the electroolfactogram (20, 40) . This can be a monophasic or a multiphasic potential whose dominant negative component W w3(-)* l Ref. 14) is considered to represent a summated receptor potential ( 12, 14, 16, 39, 40, 50) . Some odorants also evoke an initial positive component, the source of which is not known (12, 14, 39) .
The ventral surface of the olfactory epithelium on the left side was exposed by removing the overlying skin, cartilage, and the dorsal olfactory epithelium. Recordings were taken at the surface of the epithelium using a silver-silver chloride electrode bridged via a saline-gelatin-filled pipet of 30 pm tip diameter (13, 48) . A silver-silver chloride electrode inserted beneath the skin on the right side of the head served as a ground electrode. The slow transepithelial voltage transients (VW,,+) evoked by odorant stimulation were amplified and displayed on a chart recorder.
Olfactometer
The flow-dilution olfactometer used in this study ( Fig. 1 ) was designed to deliver very low but accurate flow rates (1.2 ml/min).
Air flows of known, constant rates from two syringe pumps were led to a stimulus nozzle (Fig. l) , which was modified from the design of Kauer and Moulton (24). The olfactometer was designed to deliver two odorants at the same dilution through the stimulus nozzle. The nozzle was held in a fixed position and directed at the tip of the recording pipet, which rested on the surface of the mucus covering the epithelium.
Odorant application through the stimulus nozzle was achieved by timed activation of solenoid valves that controlled the vacuum in the nozzle. Each odorant stimulus was a 1 s duration pulse of 20 ~1 odorized air.
Stimulus nozzle/electrode holder
Since the study was concerned with differences in V e-q(-) amplitude across the epithelium it was necessary to control factors that can affect Veog(-) amplitude independently of the differential responsivity of the epithelium. I) Flow rate and concentration up to the stimulus nozzle were held constant by the continuous action of the syringe pumps throughout the experiment. The syringes were refilled before the electrode was placed on the epithelium and a few minutes elapsed before stimulation to allow the flows to equilibrate.
2) The temporal characteristics of the odorant "pulse" delivered through the stimulus nozzle were kept constant by controlling the olfactometer and vacuum flow rates. ular to it). In addition, Getchell and Shepherd (17) have shown that responses of single units in the olfactory epithelium vary dramatically with the distance of the delivery nozzle from the recording site. The stimulus nozzle/electrode holder used here ( Fig. 1 ) was designed to eliminate these problems by directing the center of the flow from each nozzle onto the plane of the epithelium 0.5 mm below the electrode tip.
Odurants
The selection of stimuli (Table I) was based on the classification of odorants from previous experiments in this laboratory as "anterior," "posterior," or "general" stimulators (26): pinene and limonene were posterior stimulators, isoeugenol, butanol and heptanal were anterior stimulators, and amyl acetate was a general stimulator. All posterior stimulators were miscible in ethanol and insoluble in water. Some odorants in the present study were chosen to test the generality of this finding: decanol and eugenol (predicted posterior stimulators) and propanol (predicted anterior or general stimulator).
Pinene was a mixture of cyand @-pinenes; limonene was d-limonene; propanol, butanol, and decanol were all n-alcohols.
Odorant pairing
In order to derive contrasting patterns of responsivity, each animal was tested with a pair of odorants (Table 1) . Some pairs were chosen to test whether a fine detailed mapping of responsivity could resolve differences between two anterior stimulators (butanol and heptanal) or between two posterior stimulators (pinene and limonene). Some pairs were chosen to test how differences in chemical structure may affect patterns of epithelial responsivity (eugenol and isoeugenol, propanol and decanol).
Odurant concentration
The concentration of each pair of odorants was kept constant throughout the study, although different pairs were delivered at different concentrations (Table I)* I) For each pair the test concentration was determined in pilot studies as the best compromise that would elicit close to midrange VcogC-) amplitudes from both odorants, since the olfactometer was limited to delivery of two odorants at the same dilution. 2) Two odorants in this study (pinene, amyl acetate) were presented at two concentrations in different pairings: each with (2) were delivered at the same concentration but paired with different odorants. The odorants on each line were delivered to the same animals at the same dilution. The concentration of each is given for comparison at 21 "C.
limonene ("hi" concentration, 10-1*5S dilution of saturated vapor) and with each other ("lo" concentration, 10-2.5' dilution of saturated vapor), as a preliminary test of the effect of concentration on patterns of responsivity. Previous experiments have indicated that relative differences in Veog(-) amplitude at two positions on the epithelium are maintained over a IOO-fold change in concentration for both limonene and butanol, although the absolute differences in Veop(-) between the two positions did vary with concentration (25).
Experimental procedures I) After surgery each epithelium was photographed through the dissection microscope using a Polaroid camera and attachment. Accurate identification of electrode positions could be made on the photograph using variations in pigmentation of the epithelium.
2) The electrode was placed on the epithelium with the tip just touching the surface of the mucus. A few minutes were allowed for equilibration.
3) At each electrode position Veo&s were recorded in response to at least three presentations of each of the two test odorants. For each epithelium only one pair of odorants was used. For each pair of odorants seven epithelia were tested, some stimulated with one odorant first, the rest with the other odorant first at each electrode position. 4) Interstimulus interval was at least 40 s. In preliminary experiments there was no adaptation of Veos(-) of a second stimulus if the interstimulus interval was greater than 20 s. 5) For each epithelium Veog& were recorded at about 30 positions (range, 24-36), the number and distribution depending on the size and shape of the epithelium. The next electrode position on a particular epithelium was chosen so as to maximize the time between stimulations in the same general area. In any case the interposition time was approximately 5 min, and at least 10 min (and usually 20-30) elapsed before stimulation close to a previous electrode position occurred.
This procedure took about 5 h. Preliminary experiments had shown that Veop(-) amplitudes were similar before and after this period. To counteract the contribution of possible variations due to the length of the experiments, electrode positions were chosen so that recordings were made from all regions of the epithelium early, middle, and late in each experiment. Additionally, in some animals the first recording site was anterior, in others medial, and in others posterior, so that across all animals and all odorants the order of recordings were balanced over the course of the experiment. During this 5-h period the epithelium was stimulated by a total of about 2 ml of each odorant, so it is unlikely that any significant adaptation or fatigue occurred. Throughout the experiment a gentle flow of moist, clean air was passed over the epithelium and there was no evidence of drying of the mucus. Capilliary blood flow and cilia1 motion in the epithelium were maintained for the period of the experiment.
Statistical procedures
The three Veos(-)'s recorded at each site were averaged. Where relatively high variability was noted, several additional readings were taken. Data values were amplitudes in millimeters to the nearest integer (in a few cases, when at the highest amplification, half-integer values were noted), and the average amplitudes by site and odorant were rounded to the nearest integer. For each odorant at each site the average Veopt-) amplitude was transformed to the proportion of the largest average amplitude for that odorant and that epithelium. Ideally a statistical analysis of the data would use separately the spatial information of each of the approximately 30 separate recording sites. However, there was considerable morphological variability among the nasal cavities, so that exact site-to-site comparisons between epithelia were not possible. Therefore, we divided each epithelium into six regions with five or six electrode sites per region (Fig. 2) were subjected to analysis of variance with a mixed model that included terms for regional, odorant, and animal main effects, and their interactions (46).
Types of pat terns of responsivity With respect to the morph01 .ogy of the nasal cavity the patterns most consistent
RESULTS
P&wise comparisons of regional responsivity JL
In almost all cases the pattern of responses to an odorant was different from that for its counterpart in the pair. For illustration, the relation between Veos(-) for limonene and amyl acetate is shown in Fig. 3 for 12 representative sites on one epithelium. The proportions derived from averages at all sites were then mapped onto a tracing of the epithelium. Limonene and pinene always elicited very similar maps (Fig. 4) , but the responses to limonene attenuated less rapidly away from the peak and responses anterior in the epithelium were relatively larger. Eugenol and isoeugenol always elicited different maps: the peak for isoeugenol was always h anterior to the eugenol peak response, and the epithelia could all be divided into two parts-one being absolutely more sensitive to one odorant, the other being absolutely more from animal to animal were those elicited by pinene, limonene, amyl acetate, propanol, and eugenol. Pinene, limonene, and eugenol elicited a peak of highest responsivity from a well-defined region in the posterolateral corner of the epithelium (Fig. 4) . Absolute values for maximum Veop(-) amplitudes for pinene and limonene were much greater than for eugenol, even though all were delivered at similar concentrations (Table 1 ). In contrast, propanol elicited peak responsivity in an anterior region close to the medial edge of the epithelium (Fig. 4) . Highest responsivity to central r amyl acetate was elicited from the between the regions most sensitive to propanol and pinene; amyl acetate was usually characterized by a ridge of high responsivity rather than the small peak that other odorants elicited. Responsivity to amyl acetate differed in another way. Whereas responsivity to pinene, limonene, and eugenol sharply attenuated with distance from the most responsive region, this was not the case with amyl acetate, where most of the epithelium remained highly responsive (Fig.  4) . To a lesser extent the same was true of propanol (Fig. 4) . The other odorants elicited patterns of responsivity that were less predictable with respect to the morphological features of the nasal cavity. Peaks of SHAMAN, AND MOULTON highest responsivity to butanol and heptanal were always located in the central part of the epithelium, but the precise locations of these peaks varied considerably anteroposteriorly and mediolaterally. Nevertheless, no epithelium gave the same pattern for both odorants and these patterns never resembled that for amyl acetate, being single peaks of high responsivity rather than long ridges.
The location of peak responsivity to isoeugenol was variable but is best described as lying in the central part of the epithelium and never in the posterolateral corner that typified the location of peak responsivity to eugenol (Fig. 4) . Patterns of responsivity to decanol were the least consistent of all odorants, probably in part because of the very low VeopC-) amplitudes recorded for this odorant (Table 2) . Decanol was predicted to be a posterior stimulator but in only three cases was peak responsivity located solely in the posterolateral region, In three cases the highest responses were recorded in the anteromedial region, similar to propanol, and in the other case there were two peak of high responsivity, one located anteriorly and the other posteriorly.
Statistical analysis Of particular
interest are three sets of parameters from the analysis of variance model. First, the odorant-region interactions describe the relative responsivity of each region to each odorant, compared across all animals. The estimates (Fig. 5) Second, the odorant main effects describe the overall responsivity of the epithelia to each odorant, compared across all regions and animals. The estimates (Table 3) illustrate the steepness of the slope of responsivity away from the peak. We describe this as differences in underlying responsivity among the regions, compared across all animals and all odorants. Regional differences in responsivity (Fig. 6 ) were significant (& 180 , = 66.342, P < 0.001 ).
An additional analysis of the differences among odorants of the locations of peak responsivity was performed in order to gauge the similarities in patterns elicited by the different odorants. This multiple-comparison procedure (33,46), which was developed from estimates of the odorant-region interactions, is shown in Table 4 . Pairs of patterns for which the differences are statistically significant are indicated.
As expected, the variation attributable to differences in responsivity among the animals was significant (animals F36,180 = 13.963, P < 0.001; animals X regions = 5.491, P < 0.001). These differences arose from variability in nasal morphology, health, geographic origin, age, and perhaps, sex of the animals, as well as some day-to-day experimental differences and variation in the assignment of electrode sites into different regions.
DISCWSSION
The results clearly demonstrate that different odorants elicit distinct topographic patterns of receptor responsivity across the olfactory epithelium. These odorant-induced patterns are superimposed on regional differences in responsivity that are independent of the choice of odorant.
Odor-induced patterns of responsivity
The odorants can be assigned to seven groups according to the differences between their odorant-region interactions (Table 4) : I) pinene (both concentrations), limonene (both replications); 2) eugenol; 3) isoeugenol, butanol, heptanal; 4) amyl acetate (low concentration); 5) amyl acetate (high concentration); 6) propanol; 7) decanol. These seven groups can be further subdivided when we consider the pairwise comparisons on individual epithelia. For example, in no case were the relative Veop(-) amplitudes for limonene exactly the same as for pinene. This suggests that, although these odorants elicited very similar patterns, the differences were great enough to be discrim- inated in individual animals. The same is true for the butanol-heptanal pair. We conclude from this that each animal holds a mechanism for spatially coding these odorants, but interanimal variability may be too great to sustain these differences when they are averaged across a group. Another dimension along which the above groupings of odorants may be discriminated is that of responsivity contour interval, represented by the odorant main effect estimates in Table 3 .
From this assessment it is not possible to state unequivocally how many distinct patterns of responsivity we can observe. Assignment into groups from the observed differences is ultimately a subjective matter. Nevertheless, it is likely that the differences among the odorants provide enough information to describe patterns unique for each odorant, particularly if one considers the loss of spatial information necessitated by our method of analysis. It is also important to note that salamanders can be trained to discriminate between butanol and limonene (J. R. Mason and C. Weiss, unpublished observations). By itself this does not support the notion that odorant quality is spatially coded at the epithelium. However, when the olfactory sac was transversely severed so that t P < 0.01 (F~,Jg~.~~~p = 4.501).
'
only information from the posterior half of the epithelium reached the bulbs, animals that could previously detect both odorants lost the ability to detect butanol but not limonene (J. R. Mason and C. Weiss, unpublished observations). This result was in agreement with the hypothesis that most of the information coding for butanol comes from the anterior half of the epithelium, whereas most of the information about limonene comes from the posterior half (Figs. 4 and 5).
Regional diflerences in respunsivity
Arising independently from odorant-induced regional differences, there was also significant variability in responsivity among the regions, when compared across all odorants and all animals. This could arise from either of two factors or their combination: differences in receptor cell density and differences in receptor cell sensitivity. The first factor would place greater or fewer cells within the sampling volume of the electrode; the second would change the relative contribution to Veog(-) of each receptor cell. Whether one or both factors are operating is not known. A morphological study of the salamander olfactory epithelium ( 18) Fig. 2 is thrown into folds with ridges of respiratory epithelium and valleys of olfactory epithelium (18). This highly vascular, and least responsive, region is very active in pulling mucus toward the internal naris and is normally in close contact with the overlying roof of the nasal cavity (A. Mackay-Sim, unpublished observations). There are no estimates of receptor cell density for Ambystoma tigrinum although the density of receptor cells on the ventral olfactory epithelium of the newt, Tri~urus cristatus, increases from anterior to posterior (9). This parallels the anteriorto-posterior increase in regional responsivity we have observed in the salamander. In addition, regional differences in receptor cell density in the frog, Rana esculenta, were correlated with the mean of VeopC-) amplitudes elicited by 20 odorants in different regions of the ventral olfactory eminence: regions of low receptor density showed smaller mean Lg(-) 's than regions of high receptor density (8). It is probable, therefore, that in the salamander the observed differences in regional responsivity may be mainly due to regional differences in receptor cell density.
Regional differences in Veos(-) could also arise from local variations in the thickness and composition of the mucus layer that could differentially influence the concentrations of odorants delivered to the receptor neurons. We do not favor this hypothesis because we have observed that small volumes of [3H]leucine applied locally in different regions become distributed over wide areas as the mucus layer is pulled caudally and to the edges of the epithelial surface, toward the internal naris (A. Mackay-Sim and M. H, Nathan, unpublished observations). This suggests that local differences in mucus thickness or composition would not be maintained as the mucus layer moves across the surface of the epithelium.
Odorant concentration
This study was designed with the assumption that patterns of relative responsivity would not vary substantially with concentration This assumption was drawn from observations that relative differences in Veog(-) at two epithelial sites were maintained over a wide concentration range (25, 26) . That is, butanol always elicited larger responses anteriorly than posteriorly, and limonene always elicited larger responses at posterior sites. The magnitudes of these anterior-posterior differences were not linear over the whole concentration range so that the possibility still remains that conclusions drawn about the patterns elicited by the odorants at the concentrations presented here may not hold for other concentrations.
In the present study both amyl acetate and pinene were presented at two concentrations. The most dramatic difference is seen in the estimates of odorant effects for the two concentrations of amyl acetate, The epithelia were overall much more responsive to the higher concentration (Tables 1 and 3 ). Assessment of these differences is complicated by the observation that there were also small differences in the steepness of the peaks in the two replications for limonene. The location of the peak responsivity to pinene did not vary with concentration, although there was some variation for amyl acetate (Fig.  5 , Table 4 ).
Methodological considerations
One aim of the present study was to eliminate experimental factors that confound observed regional differences in olfactory receptor neuron responses. One such factor is that odorants may be differentially adsorbed by the mucus as they pass over its surface ( 19, 36, 37) , resulting in differences in the odorant concentration delivered at each recording site, the responses to which would then be interpreted as regional differences in response to the same concentration. This is a confounding factor in several other studies (7, 8, 38, 52) . The present study obviated this problem as odorants were delivered onto the mucus at the recording site. In addition, the angle and direction of odorant flow and the distance of the stimulator from the epithelium were kept constant throughout the experiment.
Another complication in the interpretation of previous studies has been the use of multiple electrodes to sample different epithelial regions (7, 8, 26, 38, 52) . This is a problem because electrodes of different size and impedance vary in the volumes over by 10.220.33.3 on June 22, 2017 http://jn.physiology.org/ Downloaded from which they will pick up voltage transients: large-tipped electrodes tend to record from larger populations than small-tipped electrodes. Consequently, regional differences in V eog(-1 in some studies may result from differences in the number of cells contributing to the responses. In the present study the same electrode was used throughout each experiment.
A further consideration is that of animal variability. This study approached this problem in two ways. First, two odorants were tested in each animal so that, at least for each pair of odorants, unequivocal comparisons could be made. Second, we used a statistical approach in an attempt to determine objectively the nature of the differences in the observed response patterns.
Unfortunately, the division of each epithelium into six regions does result in loss of the spatial resolution afforded by 30 recording sites, The main advantage of the analysis of variance used here is that it has separated underlying regional and animal differences from odorant-induced differences in regional responses.
Spatial coding of odurant quality
The simplest mechanism for odorant-induced patterns of responsivity is that receptor cells with different response spectra are distributed differentially throughout the epithelium (22). This does not require receptor cells with very specialized responses. Indeed, olfactory receptor cells typically respond to a wide range of odorant stimuli and concentrations (2, 10, 15, 17, 45) . In addition, receptor specificity decreases with increase in odorant concentration (32, 44) . Our own observations show that Veog(-1's can be elicited by most odorants from most areas of the
